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Abstract
We study the mass spectrum of the quark sector in an special type I-like model
with gauge symmetry SU(3)c⊗SU(3)L⊗U(1)X . By considering couplings with scalar
triplets at large (∼ TeV ) and small (∼ GeV ) scales, we obtain specific zero-texture
mass matrices for the quarks which predict three massless quarks (u, d, s) and three
massive quarks (c, b, t) at the electroweak scale (∼ GeV). Taking into account mixing
couplings with three heavy quarks at large scales predicted by the model, the three
massless quarks obtain masses at small order that depends on the inverse of the large
scale. Thus, masses of the form mu . md < ms ∼ MeV and mc,b,t ∼ GeV can be
obtained naturally from the gauge structure of the model.
1 Introduction
Although the Standard Model (SM) [1] is the simplest model that succesfully explain most
of the phenomena and experimental observations in particle physics, it contains unanswered
fundamental questions which many theorists associate to an underlying theory beyond the
SM. In particular, the observed fermion mass hierarchies, their mixing and the three family
structure are not explained in the SM. From the phenomenological point of view, it is possible
to describe some features of the mass hierarchy by assuming zero-texture Yukawa matrices
[2]. Models with spontaneously broken flavor symmetries may also produce hierarchical
mass structures. These horizontal symmetries can be continuos and Abelian, as the original
Froggatt-Nielsen model [3], or non-Abelian as for example SU(3) and SO(3) family models
[4]. Models with discrete symmetries may also predict mass hierarchies for leptons [5] and
quarks [6]. Other models with horizontal symmetries have been proposed in the literature
[7].
On the other hand, the origin of the family structure of the fermions can be addressed
in family dependent models where a symmetry distinguish fermions of different families.
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An interesting alternative that may provide a clue to this puzzle are the models with gauge
symmetry SU(3)c⊗SU(3)L⊗U(1)X , also called 3-3-1 models, which introduce a family non-
universal U(1)X symmetry [8, 9, 10, 11]. These models have a number of phenomenological
advantages. First of all, from the cancellation of chiral anomalies [12] and asymptotic freedom
in QCD, the 3-3-1 models can explain why there are three fermion families. Secondly, since
the third family is treated under a different representation, the large mass difference between
the heaviest quark family and the two lighter ones may be understood [13]. Also, these
models contain a natural Peccei-Quinn symmetry, necessary to solve the strong-CP problem
[14].
In particular, the 3-3-1 models introduce three SU(3)L scalar triplets: one heavy triplet
field with a Vacuum Expectation Value (VEV) at high energy scale 〈χ〉 = νχ, which produces
the breaking of the symmetry SU(3)L ⊗ U(1)X into the SM electroweak group SU(2)L ⊗
U(1)Y , and two lighter triplets with VEVs at the electroweak scale 〈ρ〉 = υρ and 〈η〉 =
υη, which induce the electroweak breakdown. Thus, the model may provide masses to all
fermions and gauge bosons at tree level. On the other hand, the 3-3-1 model possess an
specialized Two Higgs Doublet Model type III (2HDM-III) in the low energy limit, where
both electroweak triplets ρ and η are decomposed into two hypercharge-one SU(2)L doublets
plus charged and neutral singlets. Thus, like the 2HDM-III, the 3-3-1 model can predict
huge flavor changing neutral currents (FCNC) and CP-violating effects, which are severely
suppressed by experimental data at electroweak scales. One way to remove these effects,
is by imposing discrete symmetries, obtaining two types of 3-3-1 models (type I and II
models), which exhibits the same Yukawa interactions as the 2HDM type I and II at low
energy. In the first case, one Higgs electroweak triplet (for example, ρ) provide masses to
the phenomenological up- and down-type quarks, simultaneously. In the type II, one Higgs
triplet (ρ) gives masses to the up-type quarks and the other triplet (η) to the down-type
quarks. In this paper we obtain in the framework of the I-type model specific mass matrix
structures from the gauge symmetry, where only one of the down-type quarks acquire mass
(which could be associated to the phenomenological bottom quark), and two are massless
(d- and s-quarks), while two of the up-type quarks acquire masses (c- and t-quarks) and one
is massless (u-quark). We also show by the method of recursive expansion [15] that if mixing
couplings with the heavy quark sector of the 3-3-1 model is considered, then the massless
quarks indeed may obtain masses at small order that depends on the inverse of the heavy
scale (represented by three heavy quarks) without introducing neither effective operators nor
one-loop corrections [16], [17]. Thus, at first glance we can obtain masses with the structures
mu . md < ms ∼MeV and mb ∼ mc ∼ mt ∼ GeV .
This paper is organized as follows. In Section 2 we briefly describe some theoretical
aspects of the 3-3-1 model and its particle content, in particular in the fermionic and scalar
sector in order to obtain the mass spectrum. Section 3 is devoted to obtain the mass
matrices in the low energy limit. In section 4 we consider the method of recursive expansion
to diagonalize the mass matrices taking into account mixing couplings between light and
heavy fermions. Finally in Sec. 5, we summarize and discuss our results.
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2 The Yukawa couplings of the 3-3-1 model
We consider a 3-3-1 model where the electric charge is defined by:
Q = T3 − 1√
3
T8 +X, (1)
with T3 =
1
2
Diag(1,−1, 0) and T8 = ( 1
2
√
3
)Diag(1, 1,−2). In order to avoid chiral anomalies,
the model introduces in the fermionic sector the following (SU(3)c, SU(3)L, U(1)X) left-
handed representations: one (3, 3, 1/3) quark triplet, two (3, 3∗, 0) quark triplets and three
(1, 3,−1/3) lepton triplets. For the right-handed sector, we introduce the following singlets
in order to obtain Dirac-type charged fermions: three (3∗, 1,−1/3) down-type quarks, three
(3∗, 1, 2/3) up-type quarks, three (1, 1,−1) electron-type leptons. In addition we introduce
three (3∗, 1, QJ1,2,T1) and three (1, 1, 0) right-handed singlets associated to the new non-SM
quarks and neutral Majorana leptons, respectively. In summary, we have the following
representations free from chiral anomalies:
Q1L =
U1D1
T 1

L
: (3, 3, 1/3),

U1R : (3
∗, 1, 2/3)
D1R : (3
∗, 1,−1/3)
T 1R : (3
∗, 1, 2/3)
Q2,3L =
D2,3U2,3
J2,3

L
: (3, 3∗, 0),

D2,3R : (3
∗,−1/3)
U2,3R : (3
∗, 1, 2/3)
J2,3R : (3
∗, 1,−1/3)
L1,2,3L =
 ν1,2,3e1,2,3
(ν1,2,3)c

L
: (1, 3,−1/3),
{
e1,2,3R : (1, 1,−1)
N1,2,3R : (1, 1, 0)
(2)
where U iL and D
i
L for i = 1, 2, 3 are three up- and down-type quark components in the
flavor basis, while νiL and e
i
L are the neutral and charged lepton families. The right-handed
sector transform as singlets under SU(3)L with U(1)X quantum numbers equal to the electric
charges. In addition, we see that the model introduces heavy fermions with the following
properties: a single flavor quark T 1 with electric charge 2/3, two flavor quarks J2,3 with
charge −1/3, three neutral Majorana leptons (ν1,2,3)cL and three right-handed Majorana
leptons N1,2,3R (recently, a discussion about neutrino masses via double and inverse see-saw
mechanism was perform in ref. [18]). On the other hand, the scalar sector introduces one
triplet field with VEV 〈χ〉0 = υχ, which provides the masses to the new heavy fermions, and
two triplets with VEVs 〈ρ〉0 = υρ and 〈η〉0 = υη, which give masses to the SM-fermions at
the electroweak scale. The (SU(3)L, U(1)X) group structure of the scalar fields are:
4 C. Alvarado, R. Martinez, F. Ochoa
χ =
 χ01χ−2
1√
2
(υχ + ξχ ± iζχ)
 : (3,−1/3)
ρ =
 ρ+11√
2
(υρ + ξρ ± iζρ)
ρ+3
 : (3, 2/3)
η =
 1√2(υη + ξη ± iζη)η−2
η03
 : (3,−1/3). (3)
With the above spectrum, we obtain the following SU(3)L ⊗ U(1)X renormalizable
Yukawa Lagrangian for the quark sector:
−LY = Q1L
(
ηhUη1j + χh
U
χ1j
)
U jR +Q
1
Lρh
D
ρ1jD
j
R
+ Q1Lρh
J
ρ1mJ
m
R +Q
1
L
(
ηhTη11 + χh
T
χ11
)
T 1R
+ QnLρ
∗hUρnjU
j
R +Q
n
L
(
η∗hDηnj + χ
∗hDχnj
)
DjR
+ QnL
(
η∗hJηnm + χ
∗hJχnm
)
JmR +Q
n
Lρ
∗hTρn1T
1
R + h.c, (4)
where n = 2, 3 is the index that label the second and third quark triplet shown in Eq. (2),
and hfφij are the i, j components of non-diagonal matrices in the flavor space associated with
each scalar triplet φ : η, ρ, χ. In order to avoid FCNC terms at tree level, we demand the
following discrete symmetry:
η → −η, ρ→ ρ,
DR → DR, UR → UR,
TR → TR, JR → JR. (5)
Thus, the couplings of the quarks with the triplet η are removed from the Lagrangian in
(4), which at low energy is equivalent to 2HDM type I. After the symmetry breaking of the
3-3-1 gauge group, we obtain from the VEVs in (3) and taking into account the Yukawa
Lagrangian in (4) with the discrete symmetries in (5) the following structure for the mass
terms:
− 〈LY 〉 =
(
UL, TL
)
MUT
(
UR
TR
)
+
(
DL, JL
)
MDJ
(
DR
JR
)
+ h.c, (6)
where UL,R = (U
1, U2, U3)L,R are the left- and right-handed up-type quark flavor vectors,
DL,R = (D
1, D2, D3)L,R the corresponding down-type quark vectors, JL,R = (J
2, J3)L,R are
two-dimensional vectors associated with the heavy quarks with electric charge −1/3 in (2)
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and TL,R is the single component of the heavy quark with charge 2/3. The matrices MUT
and MDJ have the following structures in the basis (U, T ) and (D, J), respectively:
MUT =
(
MU k
K MT
)
, MDJ =
(
MD s
S MJ
)
, (7)
where MU , k, K and MT are 3× 3, 3× 1, 1× 3 and 1× 1 matrices, respectively, while MD,
s, S and MJ are 3×3, 3×2, 2×3 and 2×2 matrices, respectively. The Yukawa Lagrangian
in (4) provides the following relations between the above mass matrices and the Yukawa
couplings through the VEVs:
MU =
1√
2
hUρ υρ, MT =
1√
2
hTχυχ,
k =
1√
2
hTρ υρ, K =
1√
2
hUχ υχ, (8)
for MUT , and
MD =
1√
2
hDρ υρ, MJ =
1√
2
hJχυχ,
s =
1√
2
hJρυρ, S =
1√
2
hDχ υχ, (9)
for MDJ . We can see in the Yukawa Lagrangian in Eq. (4) that due to the non-universal
form of the U(1)X values exhibited by the scalar and quark triplets in (2) and (3), not all
couplings between quarks and scalars are allowed by the gauge symmetry, which lead us to
the following zero-texture Yukawa coupling constants:
hUρ =
0 0 0a b c
d e f
 , hUχ = (a′′, b′′, c′′), (10)
for the couplings with up-type quarks,
hDρ =
A B C0 0 0
0 0 0
 , hDχ = (A′′ B′′ C ′′D′′ E ′′ F ′′
)
, (11)
for the couplings with down-type quarks,
hJρ =
w x0 0
0 0
 , hJχ = (w′′ x′′y′′ z′′
)
, (12)
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for the couplings with the doublets J , and
hTρ =
 0W
X
 , hTχ =W ′′, (13)
for the couplings with the single T quark.
3 The mass matrices in the low energy limit
In the low energy limit (υχ ≫ υη,ρ), the quark mass eigenstates for the small and large scales
can be obtained separately by unitary transformations of the left- and right-handed weak
eigenstates: U ′L,R = V
U†
L,RUL,R, D
′
L,R = V
D†
L,RDL,R, and J
′
L,R = V
J†
L,RJL,R, while the singlet
T -quark decouple from other components, obtaining T ′L,R = TL,R. Thus, the matrices for
U -,T -,D- and J-quarks in Eqs. (8) and (9) are diagonalized by:
mU = V
U†
L MUV
U
R =
υρ√
2
V U†L h
U
ρ V
U
R ,
mD = V
D†
L MDV
D
R =
υρ√
2
V D†L h
D
ρ V
D
R ,
mJ = V
J†
L MJV
J
R =
υχ√
2
V J†L h
J
χV
J
R ,
mT =
υχ√
2
hTχ , (14)
Thus, the mass matrices for U - and D-type quarks depend only on the hρ Yukawa matrices,
which from (8), (9), (10) and (11) become:
MU =
υρ√
2
0 0 0a b c
d e f
 , MD = υρ√
2
A B C0 0 0
0 0 0
 , (15)
which diagonalize through the bi-unitary transformations V U,DL,R . Let us evaluate the eigen-
values of the square mass matrices:
3.1 Up-sector
From (15), we obtain the following structure:
MUM
†
U =
0 0 00 α β
0 β∗ γ
 , (16)
where α, β and γ are of the order υ2ρ ∼ (246 GeV)2. The above matrix exhibits one zero
eigenvalue and diagonalize with only V UL :
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V U†L MUM
†
UV
U
L = m
2
U = diag(0, m
2
2, m
2
3). (17)
Thus, if we identify the zero-mass component with the phenomenological u-quark, and the
other two with the c- and t-quarks, we obtain:
m2u = 0
m2c,t = m
2
2,3 ∼ GeV 2. (18)
3.2 Down-sector
From (15), we obtain the matrix:
MDM
†
D =
Σ 0 00 0 0
0 0 0
 , (19)
that exhibits two massless quarks which can be associated with the d- and s-quarks, while
Σ with the b-quark:
m2d,s = 0
m2b = Σ ∼ GeV 2 (20)
Thus, from the gauge symmetry, we may obtain zero-texture mass matrices for the quark
sector in the low energy limit, obtaining three massless quarks (light quarks) and three
massive quarks at the electroweak scale (∼ GeV). The massless quarks are indeed massive
particles if we consider small couplings with the extra heavy 3-3-1 quarks, as we show below.
4 The mass matrices with mixing couplings
In this case we consider the complete mass matrices from Eq. (7), which have the following
general structure:
M =
(
Mlight flight
Gheavy Λheavy
)
, (21)
where Mlight ∼ flight ∼ υρ ∼ 246 GeV, while Gheavy ∼ Λheavy ∼ υχ ≫ 246 GeV. The
above mass matrix can be diagonalized by a bi-unitary transformation: m˜ = O†LMOR. This
transformation can be separated into two rotations: first, we can rotate through the bi-
unitary transformations VL,R = V
U,D
L,R and PL,R = V
J
L,R defined by Eq. (14) in the low energy
limit. Second, since the first rotation does not lead to a completely diagonal matrix due
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to the mixing terms f and G, we must perform another rotation through unitary matrices
BL,R. Thus, we separate the original rotation into:
OL,R = UL,RWL,R =
(
VL,R 0
0 PL,R
)(
1 BL,R
−B†L,R 1
)
, (22)
where we require that:
O†LMOR =W †LU †LMURWR = m˜ =
(
m˜light 0
0 m˜heavy
)
. (23)
After the first rotation (through UL,R) of (21), we obtain mixing matrices of the form:
U †LMUR = m =
(
ml f˜
G˜ MH
)
, (24)
where ml = V
†
LMlightVR and MH = P
†
LΛheavyPR are diagonal blocks, while f˜ = V
†
LflightPR
and G˜ = P †LGheavyVR are non-diagonal mixing blocks. Then, we must find the matrices
BL,R in order to obtain the complete diagonalization of the mixing matrices in (24). We can
achieve this by constructing the following squared mass matrices from (24):
m21 = mm
† =
(
mlm
†
l + f˜ f˜
† mlG˜† + f˜M
†
H
G˜m†l +MH f˜
† MHM
†
H + G˜G˜
†
)
=
(
al xm
x†m yH
)
m22 = m
†m =
(
m†lml + G˜
†G˜ m†l f˜ + G˜
†MH
f˜ †ml +M
†
HG˜ M
†
HMH + f˜
†f˜
)
=
(
AH XH
X†H YH
)
, (25)
where al ∼ υ2ρ (electroweak scale), xm ∼ υρυχ (intermediate scale) and yH ∼ AH ∼ XH ∼
YH ∼ υ2χ (heavy scale). The above squared matrices are diagonalized through WL,R defined
in (22):
W †L,Rm
2
1,2WL,R =
(
m˜2l 0
0 M˜2H
)
. (26)
From the condition of the vanishing of the off-diagonal submatrices in Eq. (26), we obtain:
BL(x
†
m)BL − alBL +BLyH − xm = 0, (27)
BR(X
†
H)BR − AHBR +BRYH −XH = 0. (28)
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Since al ≪ xm ≪ yH , the equation (27) may be solved assuming that BL expands in powers
of 1/yH [15]:
BL = BL1 +BL2 +BL3 + ..... (29)
where at order BL1 Eq. (27) approximates to BLyH − xm = 0, obtaining:
BL ≈ xmy−1H =
(
mlG˜
† + f˜M †H
)(
MHM
†
H + G˜G˜
†
)−1
. (30)
Solving Eq. (28) is less evident, since all coefficients are at the heavy scales. However,
we may consider an scenario where the mixing terms in (21) are small with respect to the
diagonal components, which implies for the matrixm22 in (25) the hierarchy YH ≫ XH ≫ AH .
Thus, Eq. (28) may also be solved assuming that BR expands in powers of 1/YH, where at
first order Eq. (28) reads BRYH −XH = 0, obtaining:
BR ≈ XHY −1H =
(
G˜†MH
)(
M †HMH
)−1
. (31)
Putting all together into the total rotation in Eq. (23), we finally find the light and heavy
diagonal masses:
m˜light = ml − f˜B†R −BLG˜ +BLMHB†R
m˜heavy = MH + G˜BR +B
†
Lf˜ +B
†
LmlBR. (32)
In particular, for the light sector we see that:
ml = V
†
LMlightVR,
MH = P
†
LΛheavyPR,
BL ≈ f˜ /MH ,
B†R ≈ G˜/MH , (33)
obtaining for the light fermions in (32):
m˜light ≈ V †LMlightVR −
f˜ G˜
MH
. (34)
If we apply the above solution into the mass matrices in (7) we will obtain for the light sector
that:
m˜U ≈ V U†L MUV UR −
k˜K˜
MT
, (35)
m˜D ≈ V D†L MDV DR −
s˜S˜
MJ
, (36)
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where the first terms correspond to the diagonal masses in the low energy limit given by (18)
and (20), plus small corrections that arise from the mixing terms k, s,K, S and the inverse
of the heavy masses of the T- and J-quarks. Thus, if we make the same identification as in
(18) and (20), we obtain for the up sector:
|m˜u| ≈
∣∣∣k˜K˜∣∣∣
11
MT
∼MeV
|m˜c,t| ≈
∣∣∣V U†L MUV UR ∣∣∣
22,33
∼ GeV, (37)
while for the down sector:
|m˜d,s| ≈
∣∣∣s˜S˜∣∣∣
22,33
MJ2,3
∼MeV
|m˜b| ≈
∣∣∣V D†L MDV DR ∣∣∣
11
∼ GeV. (38)
Indeed, we see in (38) that m˜d,s depends on the inverse of the two masses of the J-quarks,
while in (37), m˜u is inverse in MT . Thus, if we require that the heavy quarks obey MT &
MJ2 > MJ3 we obtain the following forms:
m˜u . m˜d < m˜s ∼ MeV
m˜b,c,t ∼ GeV. (39)
5 Conclusions
The 3-3-1 model exhibits an abelian non-universal U(1)X symmetry in the quark sector,
which lead us that not all Yukawa couplings are allowed by the symmetry. Indeed, the
family-dependence feature shown by the quark multiplets in (2) arises from the condition of
cancellation of the chiral anomalies in order to obtain a realistic renormalizable spectrum
beyond the tree-level. Thus, from the gauge structure of the model, we obtain zero-texture
Yukawa coupling constants hρ,χ as shown by equations (10)-(13). These structures may
generate quark mass hierarchies if we consider an special basis through appropriate discrete
symmetries that suppress the FCNC couplings, analogous to the 2HDM type I. In this
case, one Higgs triplet (ρ) provides masses to the up- and down-type quarks simultaneously,
obtaining zero-texture mass matrices through the VEV υρ, as shown by (15). The above
matrices exhibits one massless up-type quark (u-quark) and two massless down-type quarks
(d- and s-quarks), while three quarks (c-, b- and t-quarks) have masses at the scale υρ ∼
GeV.
On the other hand, we may generate small (∼ MeV) mass components to the above
massless quarks without introducing neither effective operators nor one-loop corrections. If
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we consider the complete allowed Yukawa couplings, including small mixing couplings with
the heavy T -, J1- and J2-quarks (which according to (14) have masses at large scale νχ ∼
TeV), the mixing mass matrices in (7) can be diagonalized into light and heavy masses. In
particular, by the method of recursive expansion, it is possible to decouple both scales at first
order, obtaining see-saw type masses, where the massless quarks acquire masses at scales
inverse in the heavy mass quarks: |m˜u| ∼ |k˜K˜|/MT , |m˜d,s| ∼ |s˜S˜|/MJ2,3. If we consider
heavy non-degenerated spectrum, in particular that MT & MJ2 > MJ3 we may understand
the observed hierarchy mu . md < ms exhibited by the phenomenological light quark sector.
This work was supported by Colciencias.
References
[1] S.L. Glashow, Nucl. Phys. 22, 579 (1961); S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);
A. Salam, in Elementary Particle Theory: Relativistic Groups and Analyticity (Nobel
Symposium No. 8), edited by N.Svartholm (Almqvist and Wiksell, Stockholm, 1968),
p. 367.
[2] H. Fritzsch, Phys. Lett. B70, 436 (1977) ; B73, 317 (1978); Nucl. Phys. B155, 189
(1979); T.P. Cheng and M. Sher, Phys. Rev. D35, 3484 (1987); D. DU and Z. Z. Xing,
Phys. Rev. D48, 2349 (1993); H. Fritzsch and Z. Z. Xing, Phys. Lett. 555, 63 (2003);
J.L. Diaz-Cruz, R. Noriega-Papaqui and A. Rosado, Phys. Rev. D71, 015014 (2005); K.
Matsuda and H. Nishiura, Phys. Rev. D74, 033014 (2006); A. Carcamo, R. Martinez
and J.-A. Rodriguez, Eur. Phys. J. C50, 935 (2007).
[3] C.D. Froggatt and H.B. Nielsen, Nucl. Phys. B147, 277 (1979).
[4] S. F. King and G. G. Ross, Phys. Lett. B 520, 243 (2001); 574, 239 (2003); S. F. King,
JHEP 0508, 105 (2005); A.H. Galeana, R.E. Martinez, W.A. Ponce and A. Zepeda,
Phys. Rev. D44, 2166 (1991); A. Hernandez and R. Martinez, Phys. Rev. D51, 3962
(1995).
[5] E. Ma and G. Rajasekaran, Phys. Rev. D 64, 113012 (2001); K. S. Babu, E. Ma and J.
W. F. Valle, Phys. Lett. B 552, 207 (2003); E. Ma, Phys. Rev. D 70, 031901 (2004); G.
Altarelli and F. Feruglio, Nucl. Phys. B 741, 215 (2006); S. L. Chen, M. Frigerio and
E. Ma, Nucl. Phys. B 724, 423 (2005); A. Zee, Phys. Lett. B 630, 58 (2005).
[6] P. D. Carr and P. H. Frampton, arXiv: 0701034 [hep-ph]; F. Feruglio, C. Hagedorn, Y.
Lin and L. Merlo, Nucl. Phys. B 775, 120 (2007); M. C. Chen and K. T. Mahanthappa,
Phys. Lett. B 652, 34 (2007); P. H. Frampton and T. W. Kephart, JHEP 0709, 110
(2007); A. Aranda, Phys. Rev. D 76, 111301 (2007).
[7] D. B. Kaplan and M. Schmaltz, Phys. Rev. D 49, 3741 (1994); L. E. Ibanez and G. G.
Ross, Phys. Lett. B 332, 100 (1994); P. Binetruy and P. Ramond, Phys. Lett. B 350,
49 (1995); Y. Nir, Phys. Lett. B 354, 107 (1995); V. Jain and R. Shrock, Phys. Lett. B
352, 83 (1995); E. Dudas, S. Pokorski and C. A. Savoy, Phys. Lett. B 356, 45 (1995); B
369, 255 (1996); P. H. Frampton and O. C. W. Kong, Phys. Rev. Lett. 77, 1699 (1996).
12 C. Alvarado, R. Martinez, F. Ochoa
[8] F. Pisano and V. Pleitez, Phys. Rev. D46, 410 (1992); R. Foot, O.F. Hernandez, F.
Pisano, V. Pleitez, Phys. Rev. D47, 4158 (1993); V. Pleitez and M.D. Tonasse, Phys.
Rev. D48, 2353 (1993); Nguyen Tuan Anh, Nguyen Anh Ky, Hoang Ngoc Long, Int. J.
Mod. Phys. A16, 541 (2001).
[9] P.H. Frampton, Phys. Rev. Lett. 69, 2889 (1992); P.H. Frampton, P. Krastev and J.T.
Liu, Mod. Phys. Lett. 9A, 761 (1994); P.H. Frampton et. al. Mod. Phys. Lett. 9A, 1975
(1994).
[10] R. Foot, H.N. Long and T.A. Tran, Phys. Rev. D50, R34 (1994); H.N. Long, ibid. 53,
437 (1996); 54, 4691 (1996); Mod. Phys. Lett. A 13, 1865 (1998).
[11] Rodolfo A. Diaz, R. Martinez, F. Ochoa, Phys. Rev. D69, 095009 (2004); D72, 035018
(2005); Fredy Ochoa, R. Martinez, Phys. Rev D72, 035010 (2005).
[12] J.S. Bell, R. Jackiw, Nuovo Cim. A60, 47 (1969); S.L. Adler, Phys. Rev. 177, 2426
(1969); D.J. Gross, R. Jackiw, Phys.Rev. D6, 477 (1972). H. Georgi and S. L. Glashow,
Phys. Rev. D6, 429 (1972); S. Okubo, Phys. Rev. D16, 3528 (1977); J. Banks and H.
Georgi, Phys. Rev. 14, 1159 (1976).
[13] P.H. Frampton, in Proc. Particles, Strings, and Cosmology (PASCOS), edited by K.C.
Wali (Syracuse, NY, 1994).
[14] R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D16, 1791
(1977); P.B. Pal, Phys. Rev D52, 1659 (1995).
[15] W. Grimus and L. Lavoura, JHEP 0011, 042 (2000).
[16] H. Georgi and S.L. Glashow, Phys. Rev. D7, 2457 (1973); R.N. Mohapatra, Phys.
Rev. D9, 3461 (1974); S.M. Barr, Phys. Rev. D21, 1424 (1980); R. Barbieri and D.V.
Nanopoulos, Phys. Lett. B95, 43 (1980); S.M. Barr, Phys. Rev. D24, 1895 (1981).
[17] P.V. Dong, H.T. Hung, H.N. Long, arXiv:1205.5648 [hep-ph].
[18] E. Catan˜o, R. Martinez and F. Ochoa, arXiv: 1206.1966 [hep-ph].
